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Introduction: Current status and trends in CZT detector
development

Expectations:

— Room-temperature operation

— Large effective area (similar to Nal)

— High-energy resolution (similar to HPGe)

— High 3D position resolution (imaging devices)

Reality that shapes a current Strong demand, broad area
state of technology: of applications:
— Material non-uniformity — Medical
(twins, Te inclusions, and — Industrial
subgrain boundaries) — Security
— Low availability and high — Basic science W
cost of detector grade 9 f,;gf-’f
material ﬂ G\
— Small volume of crystals, <
6 cm3
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Specific features of CZT detectors

 CZT is used for making X- and gamma-ray detectors
« CZT is different from Si and HPGe:
— Slow semiconductor (holes are ~20 time slower than electrons)

— High-resistivity material => no depletion layer but negative space
charge is built up

— CZT crystals have low surface resistivity in comparison to bulk
(surface is like a conductive skin that affects electric field distribution
inside detectors)

— Single-type carrier device => suffer from the induction effect (i.e.,
amplitude dependence on interaction points locations)

— Non-uniform material due a high content of defects
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Defects in CZT crystals

« Two types of extended defects in today’s CZT material that limit
performance of detectors (point defects can be corrected):

— Te inclusions
— Subgrain boundaries

« Both types of defects exist in commercial CZT materials regardless
of growth techniques or vendors

» Vendors cannot specify contents of the subgrain boundaries in their
crystals because they mainly use IR microscopy to screen defects in
CZT material which cannot reveal subgrain boundaries directly

» Most effective techniques are:
— White beam X-ray diffraction topography
— Chemical etching of crystal surfaces, e.g. Nakagawa solution
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Diffraction topographs helps to select good crystals

In reflection mode, one can see defects exiting the surface of the crystals

Examples of subgrain boundaries with
~high and low density of dislocations
o

Subgrain
boundaries with
low-density of

dislocations
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3D reconstructed IR images of Te inclusions

Randomly distributed Te inclusions and decorated
dislocations and subgrain boundaries
1.1x1.4x6 mm? regions
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Roles of “small” and “big” defects

« “Small” defects (Te inclusions, low dislocation density boundaries):
— Trap small amounts of charge from the electron cloud

— Such defects cause random noise due to random distribution of interaction point =>
degrade energy resolution

— Since the defect locations are fixed, they effects can be corrected by segmenting the
detector

»  “Big” defects (high dislocation density subgrain boundaries)
— Trap significant amount of charge (incomplete charge collection events)
— Cannot be corrected but can be identified and rejected
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Operation principle of CZT detectors

« Single-type carrier device => suffer from the induction effect (i.e.,
amplitude dependence on interaction points locations)

Artist’s view of a
generalized CZT

detector
T .. Induction effect
Cathode Aout“’QcoIﬁQind(va’_Z/)}'
e.h CZT_l— Charge sensing quvv_ tot thi
/ electrodes fe'rr:qma e tis
Two possibilities to min ionization effect:
Charge collecting (1) Electrostatic shielding: Frisch-grid ionization chambers or
electrodes (anodes) virtual Frisch-grid CZT detectors (pixelated detector
operates as a virtual Frisch-grid device)
(2) Subtracting holes signal: CPG
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CZT detector designs

Out of many detector designs only two can practically mitigate

nonuniformity problem of CZT material: Pixelated and arrays of virtual
Frisch grid

_ Virtual Frisch-grid CPG detector is less promising
Pixelated detector detector

2
is ¢ l

zmww: i

Shielding
electrode

All these devices mimic their counterparts originally used for gas
lonization chambers

Pixelated detectors and virtual Frisch-grid arrays are two competing
technologies
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Arrays of virtual Frisch-grid detectors

Large area detecting
« Joint efforts (NNS and Instrumentation Division) plane coupled with a
coded aperture mask
for long-range
detections

« The goal is to develop an array of virtual Frisch-
grid detectors that can be used in hand-held and
portable devices for imaging and spectroscopy of
gamma rays

Portable, battery-
powered device

« Applications: nonproliferation and national
security, dosimetry, geological survey,
astrophysics

« The arrays have performance approaching that of
3D pixel detectors, but at lower cost and more
suitable to the current supply of CZT crystals

« The current array consists of bar-shaped crystals;
each crystal has a 6x6-mm? area and 15-mm
length

« Bigger crystals can also be used; we tried in the
past 7x7x20 mm3
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Array of virtual Frisch-grid detectors Vs. pixel detector

« The overall energy resolution of less than 1.3% at 662 keV which is
adequate to resolve the majority of gamma-ray lines

* 6 mm position resolution in XY and <1 mm in Z is suitable for coded
aperture telescopes

» The detection sensitivity (the most critical parameter for security-related
application) scales as:

« 1.3% is ~2 times greater than typical resolution of 3D detectors (0.6%),
which gives a 1.4 factor of sensitivity loss; it can be compensated by
making larger-area detectors

« The relaxed requirements to the energy resolution means that crystals with
defects can be used; such crystals can be supplied at lower cost

« Benefits of the crystal geometry (easy to cut from wafers, easy to screen,
and higher yield)
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Improvements in virtual Frisch-grid detector designs

This technology has come a long way

Frisch-Ring and

CAPture capacitive Frisch-ring BNL design
(eV Product) (D. McGregor et al. and
G. Montemont et al., LETI.)
Extended
cathode biased
Extended Extended at HV
cathode cathode Noncontacting
metal shield
(at the'same
Insulating —» potential as
CZT —_ CZT layer the anode)
Insulator
Anode Anode
Anode

Critical drawback: the cathode is also shielded (as the
anode) and cannot be used for sensing interaction depth

or drift time measurements
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Our new design

(1) Long detectors - up to 20 mm. This allows

& us to:
‘ « Use a narrow (~5-mm wide) shielding
electrode placed near the anode
,”“.!um-y[ without compromising the anode
b shielding
Shielding
SR (2) Connect cathode of 2x2, 3x3 or even 4x4

detectors together to make a common
cathode; use cathode signals to measure
Cathode electron drift times and interaction depths
to:
« Correct for the electron trapping

y V'Tt“";‘]' * Reject the incomplete charge

------- = Frfg collection events (ICC) including the

J events interacting near the anode
(inside the collection region)
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Schematic of
the array

Common
cathode

Vo

Fanout
substrate
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Virtual Frisch-grid detector is 100% analogous to the
classic gas ionization chamber

Classic ionization chamber
and virtual Frisch-grid
detector (same scale)

l”l!ﬂ(;] I |HIII[

Shielding
electrode

G. Smith, P. Vanier, and G. Mahler, BNL

Surface leakage current is important
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Dependencies Cvs. T, Avs. T, and C/A vs. T simulated for
662 keV photons

6x6x15 mms3 detector,

2000 V cathode bias, no charge trapping
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The ratio C/Ais commonly used as a measure
of drift time for single point interactions events

C/A can also be used for rejection of the
incomplete charge collection events! This is a
new feature we proposed for virtual Frisch-grid
detectors!
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Measured response from the 6x6x15 mm?3 virtual
Frisch-detector

Anode vs. Drift time

1500 , Position of the virtual
Frisch grid
1000} Nearly constant Ratio C/A vs. Drift time
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Examples of spectral improvements by
rejection of ICC events

(a) - (b)
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cased by crystal 3001 ] 300 Afer rooct I
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Future improvements: segmentation

Position sensitive virtual
Frisch-grid detector

Segmented
shielding
electrode

Solid
shielding
electrode

* Very preliminary results from
6x6x15 mm?3 average grade
detector: each spectrum
corresponds to 0.6x0.6 mm?3
area

* No charge sharing
complications!

« Suspiciously good results:
events interacting close to the
anode could be lost?

 For comparison, 3D pixelated
detector has 1.9-mm pitch

Brookhaven Science Associates
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Fabrication and testing of individual detectors

For insulation and mechanical protection
of CZT crystals, we use the ultra-thin polyester
shrink tube (Advanced Polymer, Inc.)

This material has very high dielectric strength
and resistivity

Dielectric strength: > 4,000 V/mil

Volume Resistivity: 1018 Ohm-cm,

Surface Resistivity: 104 Ohm/square, Aluminum preformed ozt
Dielectric Constant; 3.3 mandre shrnk e oyl

A crystal and two aluminum bars are inserted ﬁ

inside the tube and put inside hot water (~80 C)

Cut tube here

. .. . . Apply heat (75-80 C)
for 2-3 min. The remaining tube is cut and edges W't“afag |
are fmmed. _HEN
A layer of aluminum or copper tape is then placed | Pubaluminum

around the detector.

A - T
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Testing of individual detectors

Typical waveform

Coincidence set up for from a 15-mm-long
testing virtual Frisch-grid virtual Frisch-grid
detectors detector

150 ———————

100
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Back-to-back

Amplitude (channels)

68Ge 511 keV 5
photons
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detector
under the We used eV-product’s hybrid preamplifiers to
test read the signals from the anode and the cathode
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Position of the virtual Frisch-grid depends on the location
and width of the shielding electrode

150

Anode amplitude vs. drift time
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Anocde amplitude (channels)
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Finding optimal width of the shielding electrode

6x6x15 mm3
crystals

Optimal
length: 5 mm

Brookhaven Science Associat
U.S. Department of Energy
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Feasibility studies: results from a 2x2 array prototype

Test box containing readout electronics
based on the H3D ASIC developed by
BNL'’s Instrumentation Division and
University of Michigan

 Demonstrated a feasibility of
2x2 array of 6x6x15 mm3
virtual Frisch-grid detectors
with the common cathode

* 4 detectors were mounted
on the substrate with
connectors matching the 3D
readout system
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Pulse-height spectra measured from 4 detectors
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«— Raw spectra
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Combined spectra from all detectors

All detected events
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3000}

Counts

2000}
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All events
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two

detectors —»
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together
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Single-detector events

Single
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Better energy resolution, < 1%, can be
achieved by selecting crystals with better
guality which are more expensive

However, <1.3% requirement will allow
us to use unselected, readily available
and less-expensive crystals
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Schematic of the array’s design

12x12 detector array
Detectors are grouped in smaller sub-arrays
Design and fabricated new ASIC: 32 anodes, 8 cathode

Common cathode
Spring contacts Insulator (Teflon) pad (plate)

\ 3000 V

Capacitor

Detector bar holder

Spring contacts
for shielding electrodes

Cooling plate

Brookhaven Science Associates NATIONAL LABORATORY
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Schematic of the array design (example of a 2x2 sub-array
with a common cathode)

Insulating

tube (Teflon] Decoupling This example shows detecto_rs
Spring \ /capacitor grouped in 2x2 sub-arrays with
contacts the common cathodes
— ‘A\ Common cathode
Spring contacts board
for shielding 7T
electrodes T Plastic cage Cathode HV '
I I I (holder) wire ca p:ecz,?cz?lc
e \
ASIC Common / Teflon
cathode insulating
ASIC:32 anodes and 8 cathodes board tube

Questions regarding to this design:

- Evaluated possible interferences (cross-talk) between the
anodes and cathodes’ wires and between the adjacent
cathodes

- Evaluated reliability of the spring contacts

- Completed the HV test of the material used for fabrication
of the holder

BI UURIIAVECI OULICIILE ADSULIALES

U.S. Department of Energy

BROOKHFAEN

NATIONAL LABORATORY



Detectors used In these measurements

« For these measurements we used 9
6x6x15 cm? detectors, supplied by
Endicott Interconnect and Redlen Rate Spectral features

« The quality of these detectors is rated 3 5 No response degradation
and4onascaleof1to5

Criteria of crystal rating

3-4 Have good energy resolution,
<1.5%, but elevated low-energy
continuum due to incomplete

Leakage currents map (nA) charge collection (ICC) events
measured for the 3x3 array 1-2 Usable because of either the
at -2500 V high leakage current or lack of
spectral response
3.6 | 3.8 | 4.1
9.8 | 5.6 | 4.2 ASIC can handle the cathode leakage current up
to 100 nA =>the 4x4 array can potentially be
55 | 49 | 7.4 used as a single cathode
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Example of the high-grade detector

Micro-scale resolution 8003
6x6x15 |
X-ray response m | Con)l(ﬁgurn;?assiirrrt"ﬁaﬁ Frisch-grid device 137cs
800 H Electronic noise: 3.5 keV -
g2
S 400 -
5] 1.0%
© FWHM
200 u .
0 _. PRSI N T T N T S TN N ST T T S T S N S ST N S Tt P I I 1
0 400 800 1200 1600 2000
Channel
X-ray diffraction topograph
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Average-grade (rating 3-4) detector

X-ray response map

Extra events

8005""'insidethe T
5 Compton region 137¢s ]
600 _
£ 400! E
o I 1.2%
° ﬂ FWHM
200} .
140 Og.nuluuuI|..I...I.||I|||I...I...I|||J.a.|._;_
S 120 0 400 800 1200 1600 2000
a Channel
g— 100
g‘_ 80
[¢)]
§ o0 Average grade detectors show energy
= 0 spectra with reduced photopeak efficiency
and larger fraction of low-energy events the
Compton region
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Example of a low-grade (unusable) detector

X-ray raster scan

140 5 _
120 _
100 1370
2 sof ]
3 eoft ]
40 :
20 :
o L Co|
0 400 800 1200 1600 2000
Channel
X-ray diffraction topograph Diffraction
topography data
reveal large
number of subgrain
boundaries
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Detectors and array-assembling steps

Detector Test box containing readout electronics
‘ encapsulated and connectors for evaluating pixel
inside a thin detectors or arrays

polyester shell

Assembled
detector with
two spring-
loaded contacts

Array
mounted on
a substrate

(Ve could easily rearrange the detectors for making 2x2,
2x4, 3x3 and 4x4 arrays

Cathode bias: 2500 V; cathode and anode peaking
time: 1 us

Cooling is important: we use an environmental chamber
to stabilize the temperature at 18 C ‘
BROOKHPAVEN
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Results from testing of 2x4 array with two common
cathodes: Spectra from 13/Cs source

2x4 array with two After charge-loss correction
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Results from testing of 2x4 array with two common
cathodes: Correlations between cathode signals

2x4 array with two

All events
common cathodes 1500
Cathode outputs % 1000
% i
Det3 Det4 2 s
ﬁ
Q
Det 2 Det 5 )
~ - 0 | e
Caihpde- Gathpde-2 0 500 1000 1500
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Det 8 Det7  ea—— 150 "
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Q oool® . € 1000 . 1
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A small cross-talk is seen . 2
g o g
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on the performance! o Lo s 0 -
0 500 1000 1500 0 500 1000 1500
Cathode 2 (channels) Cathode 2 (channels)
Brookhaven Science Associates N?Tﬁ?glsg%‘g%'!Y

U.S. Department of Energy



3x3 array: lllustration of charge—loss correction techniques

Row spectra
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3x3 array: Rejecting ICC events (13/Cs) for three
selected detectors (single detectors events)

Original spectra
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Results from testing a 3x3 array: Spectral responses from

137Cs measured at 2500 V
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3x3 array: Single interaction events spectra
after ICC rejection
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3x3 array: Rejecting ICC events in the case of 133Ba source
(low energy events) for three selected detectors
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3x3 array: Spectra plotted for two interaction point events
(137Cs source)
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3x3 array: Rejecting ICC events in the case of two
Interaction point events (13’Cs source)
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Spectra for three interaction point events (13/Cs source)

Pixel: 1 (anode 127) Pixel: 2 (anode 8) Pixel: 3 (anode 21)
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3x3 array: Rejecting ICC events in the case of three

interaction points events (13'Cs source)

Original spectra
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Conclusions

We validated designs and tested the performance of the virtual Frisch-grid
detectors with a common cathode

We identify the requirements for the new ASIC, which is currently under
development in BNL's Instrumentation Division

We validated the algorithm for rejecting the incomplete charge collection
events caused by crystal defects in the cases of single and multiple
Interaction point events

Based on these results we are looking forward to integrating the first large
area array
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